(where Dr, Drec, D~ and Drec,e are the absorbed dose due to capture r-ray, recoil nucleus following to the emission of capture r-ray, p-particle after nuclear disinte gration and recoil nuclear disintegration and recoil nucleus following to emission of ~ or 7-ray after nuclear disintegration, respectively, in rad). a= coefficiet for the conversion:
1. 602.10-$ in MeV/g k=absorption coefficient (here, supposed as 1) No=number of the nucleus ¢= thermal neutron flux: 3.2-109 n. cm-2. sec-1 a=thermal neutron cross section (cm-2) Er=r-ray energy in MeV E,3=N-ray energy in MeV t=irradiation time in sec. (here, 5 hours) te=cooling time after the irradiation in sec (here, 10 days) 
METHODS
Calculation of absorbed dose for thermal neutron irradiation was made on the assumption that all radiation energies resulting from the nuclear events (capture r-ray, recoil nucleus, R or r-ray at the radiative decay etc.) were absorbed completely in the 1 gram of cell equivalent fluid. Elementary composition of amoeba, as previously determined", was used for that of the fluid. The events occurring after thermal neutron capture are similar to that of a nuclear disintegration of radioactive nuclides. Krisch and Zelle10' described the events following j3-decay in detail. The events fol lowing thermal neutron capture were divided into two main parts, one named prompt and, the other delayed events. Both events were further divided into three processes each, as shown in Fig. 1 . The formulae used for calculation of the absorbed dose due to each process are also given in the scheme. Among six processes the 3 rd and 6 th processes, which are very important processes as described below, could not be explained in terms of energy deposited. Thus, obserbed dose from 1 st, 2 nd, 4 th and 5 th processes were calculated by these formulae. The dose and time of thermal neutron irradiation, and exposure time after irradiation were 3.2 10" n• cm-2, 5 hours and 10 days, respectively, basing on our actual experimental condition." For conve nience, when there 'are branched r-ray emissions after the thermal neutron capture of some nuclide, it was treated as if only one r-ray having energy corresponding to the sum of energies of all of branched r-rays. The situation was of course the same as in the case of n-rays or r-rays emitted at the disintegration of radioactive nuclides. Table 1 Absorbed doses based on the prompt events (capture 1-ray (process 1) and recoil nucleus (process 2) ) a Cross section for 14N (n, p) 11C reaction b Proton energy RESULTS Table 1 shows absorbed doses from the capture ;r-rays (process 1) and recoil nuclides (process 2). Number of atoms contained in the 1 gram of cell equivalent fluid was calculated from the results obtained in the previous study." It is clear that more than 97°% of absorbed dose to capture --rays was originated from H (n, r)D reaction, because of extremely high amount of hydrogen atom and its considerably large cross section for thermal neutron absorption. Gamma-rays due to thermal neutron capture of 35Cl and 39K atoms, the effective absorber for thermal neutron, in spite of their low exsistence, follow H atom. It is noted that absorbed energy due to the proton from 14N(n, p)14C reaction is also considerably high. These tendencies are valid for the absorbed dose due to recoil nuclides, although the absorbed dose is very small as compared with that from neutron capture r-ray (about 1/1000). Table 2 shows absorbed dose due to recoil nuclides, and j3 and r-rays emitted at nuclear disintegration of radioactive nuclides produced by the nuclear reactions. Total absorbed dose due to j3 and 7-rays was close to that of recoil nuclides after thermal neutron capture reactions. Among all, absorbed dose due to j3 and/or r-rays from 38C1 and "Mg were predominant . 41K and 32P followed them. Absorbed dose due to recoil nuclides after nuclear disintegration (process 4) was negligible. Table 3 shows absorbed dose due to the 31P(n, r)32P reaction in the various phosphorus fractions. The values for the phosphorus content in the each fraction were obtained by means of the suitable analytical methods." Thus the sum of them (24.95 rig/mg-dry sample) is somewhat low as compared with that of table 1 which was obtained by thermal neutron activation analysis (2.08. 10" atoms/gram cell equivalent fluid). As shown in table 3, absorbed dose originated from the nuclear reaction of phosphorus atoms on DNA chains in the amoeba was only 0.1 rad at our experimental condition.
CONSIDERATION
The conclusion obtained in the previous experiments was that the lethal actions of thermal neutrons must arise by the nuclear reaction, namely, 31P(n, r)32P on DNA chain. In the present study, the absorbed dose in amoeba irradiated with 9.1-10"n-cm-2 (Do) of thermal neutrons was calculated to be 7.82 10' rad (4.6. 104 X9.1/5.76=:-7.82-10% over 99% of which was due to the capture r-rays. It should be noticed that this is a maximum estimation. Because the contribution of process 1 to total absorbed dose becomes almost negligible if the x-rays emitted in these nuclear reactions did not contribute to the energy deposited at the point where they were emitted, as ICRU reports' regarded so. Only absorbed dose due to recoil proton emitted by the nuclear reaction 14N(n ,p)14C remains because of its high LET, and was calculated to be about 4.8.102 rad per 9.1-10"n cm-2. Under the experimental condition that amoebae were surrounded by agar medium (2-3 mm in thickness) when they were irradiated, a part of r-rays emitted within a cell may either escape elsewhere, outside Table 2 Absorbed doses on the delayed events (is or 7-ray themselves (process 4) and recoil nucleus process 5) after nuclear disintegration) of the cell or lose their energies within the cell. On the other hand, a small part of 7-ray-energies emitted at the surroundings may deposit within a cell. Accordingly actual absorbed dose seems to be ranged between 4.8.102 and 7.82.10' rad per 9.1 1013 n• cm-2 of thermal neutrons, and may be rather close to the former. Anyhow the absorbed dose estimated at the thermal neutron irradiation is too small to explain the observed lethal actions. Thus in turn, it seems to be probable that the process 3 and 6 may be responsible for cell killing by thermal neutrons.
Namely, chemical bond rupture due to nuclear recoil following the nuclear reaction or nuclear disinte gration seems to lead the cell to death.
In this respect, the chemical behaviour of 32P after the nuclear reaction of 31P on DNA or its relating substances has been investigated by Akaboshi et al."', and it was shown that about half of 32P remained in the parent molecule (in the case of DNA). Furthermore, it was shown that about half of 32P which remained in DNA could be released by the action of alkaline phos phatase, namely, in the monoester form. Thus it is clear that about 75% of such events (31P(n, r) 32P reaction on DNA) bring about chain scissions in DNA molecule. The number of events per cell irradiated with 9.1 10" n • cm-2 of thermal neutrons can be given by the following formula.
The number of events= No, 0=2.73 where N,=-number of phosphorus atoms contained in DNA of amoeba= 1.5.1011, a= cross section of .31P for thermal neutron absorption= 0.20.10-2', and O=thermal neutron flux=9.1.1013).
The efficiency of cell killing by the event thus obtained seems to be enormously high as compared with those of nuclear disintegration of several radio nuclides incorporated into cellular DNA." 15) Primary importance of 31P(n, r)32P reac tion on DNA chains to kill the cell is no doubt. However, it should be noted that this high efficiency may be achieved not only by the 31P(n, T )"P reaction on DNA chain alone, but also by the combined effects of it and all other events, namely, ,3 or r-rays, recoil atoms and nuclear events of all kinds. Especially the nuclear reac
